In regions of the United States where pavements are constructed in freeze-thaw environments, springtime load restrictions are used to reduce distress caused by truck loads. During the spring, the pavement layers can be saturated and weakened because of partial thaw conditions and trapped water. Knowledge of the timing of freeze-thaw events is crucial to a successful load restriction strategy. Several studies in Minnesota are being done to evaluate criteria used to predict when to place and remove springtime load restrictions. The objectives are to evaluate current load restriction procedures, investigate pavement strength changes in relation to freeze-thaw events, and suggest improvements to current procedures. Data collected from eight Minnesota Road Research Project (Mn/ROAD) flexible pavement test sections, including falling weight deflectometer, response, and environmental data, were used to assess the effects on pavement strength. In conjunction with the Mn/ROAD work, the Minnesota Department of Transportation is conducting a statewide study using resistivity probes to monitor frost depth beneath various roads around the state. It was found that the existing procedure works well in predicting the thaw if the warming trend is uniform. In addition, over the past four springs the predicted thaw duration was greater than field observations. The date of maximum deflection occurs about 1 to 3 weeks after thawing is complete; the rate of strength recovery is quicker in sections constructed on higher quality base materials with low fines content. On the basis of the results a new criteria and equation for predicting the beginning and duration of the thaw are proposed.
In regions of the country where pavements are constructed in freezethaw environments, springtime load restrictions typically are used to reduce distress caused by truck loads. Knowledge of the timing of freeze-thaw events is crucial to successful application of a load restriction strategy. The timing and duration of the load restrictions depends on many factors, including structure, soil type, and drainage.
Various studies done elsewhere have found that air and subsurface temperature can be used to identify thawing events. Work done by the University of Washington and Washington Department of Transportation (WSDOT) has resulted in equations that predict the duration of the thawing period based on the air temperature history for the spring and preceding winter. These equations were developed, in part, from the results of theoretical analyses of heat flow in hypothetical pavement structures, and thus they lack real-world field verification. A drawback to this approach is that it does not account for differences in drainage or soil type. However, in many cases the decision to place and remove load restrictions is not driven by engineering data. It is clear that a simple, accurate model is needed to identify when load restrictions are needed.
OBJECTIVES
The objectives of this project were to evaluate current load restriction procedures and to suggest improvements. The specific objec-
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Paper No. 98- 0621 21 tives of this study were to investigate and develop (a) new relationships between air and pavement temperature to aid prediction of thaw initiation; (b) changes in pavement strength in relation to freezethaw events; and (c) improved predictive equations for estimating thaw duration.
PREVIOUS WORK
The Minnesota Department of Transportation (MnDOT) uses guidelines published in a report by a MnDOT task force (2) . The procedure for load restriction placement involves monitoring conditions that indicate potential for spring load-related damage, thaw depth, and weather conditions and forecasts. Notification of load restrictions were to be placed when the thaw penetrated to a depth greater than 150 mm, weather forecasts looked favorable for continued thaw, and agreement was reached between the districts within a frost zone. The guidelines for lifting the load restrictions were based on weekly deflection measurements, which is a disadvantage. The recommended date for removal of load restrictions was defined as the date 3 weeks after the maximum deflection. That study investigated air temperature as a means to estimate the approximate time of thaw initiation but did not arrive at any conclusions. The researchers also found that the maximum pavement deflection occurred when the depth of thaw was roughly 1 m from the surface and that there appeared to be a correlation between overall deflection and the depth of thaw. A significant amount of research on load restrictions in the past decade has come from work done in the state of Washington (3) (4) (5) . Observations indicated that the critical period generally fell within a 2-week range during late February or early March. Furthermore, it was observed that, at a minimum, the recovery period lasted about 2 weeks. Through theoretical modeling, it was found that the onset of the critical period could be estimated through the thawing index (TI). The results from that analysis suggested that the simulated air temperature was consistently between −1.6 and −1.1°C when thawing began. Field and analytical data suggested that the critical period occurs after a TI of about 15°C-days is attained. The TI is defined as the positive cumulative deviation between the mean daily air temperature and −1.7°C for successive days. The researchers found relationships between the air freezing index (FI), TI, and duration of thaw (D) that resulted in two equations. One of the equations developed (3) was where D is the duration of thaw period in days and FI is in °C-days. The FI is defined as the positive cumulative deviation between 0°C and the mean daily air temperature for successive days. Alternatively,
( ) FI the researchers (3) found that the duration of the thaw period could be estimated on the basis of the date on which a particular level of the TI is surpassed:
where TI is in °C-days. These regression equations were developed from the results of heat flow simulations that were designed to model fine-grained subgrade soils and a range of the FI from about 200 to 1,000 °C-days. The authors also stated that the predictions were conservative at the lower end of the FI range.
Rutherford (5) performed an analytical study of hypothetical pavement structures. She calculated critical responses for pavements with thicknesses of 50 and 100 mm using material layer parameters that were representative of frozen, partially and fully thawed, and recovered conditions. The calculated spring pavement responses were related to summertime (recovered) values. Her research showed that deflection alone was not a reliable indicator of critical conditions. In addition, she concluded that the critical parameter in 100-mm-thick sections was the vertical subgrade strain value.
Scrivner et al. (6) found that the surface curvature index (SCI) from Dynaflect measurements related seasonal frost movement to structural changes well. Work done at Mn/ROAD has shown that the SCI correlates with measured strains obtained with falling weight deflectometer (FWD) tests (1).
Wilson (7) conducted a study for the South Dakota Department of Transportation in which it was found that air temperature data should be used to predict placement and removal dates based on WSDOT suggestions. Subsurface monitoring using temperature sensors was done. On the basis of the results of that study it was recognized that field calibration of the WSDOT equations was needed.
Nordal (8) and Nordal and Saetersdal (9) conducted a 5-year study using deflection measuring equipment and frost probes. The decision of when to remove depends on the total frost depth and ratio between permitted axle load during thaw and summer. It is expressed in terms of the weeks past the date of critical thaw depth. Deflection, heave, and frost depth measurements were made in a field study with sections constructed on both clay and silt subgrades. The results of the field tests indicated that the maximum deflections on the clay subgrade sections occur consistently at the end of the thaw. For the silt sections the maximum occurred irregularly during or after the thaw. Attempts were made to derive relationships between the maximum deflections and other parameters. Good correlations were found for the clay section but not for the silt.
Janoo and Berg (10) conducted a small-scale test at the U.S. Army Corps of Engineers Frost Effects Research Facility on four different flexible pavement test sections. The objective of this study was to obtain data on the changes in pavement layer strength during seasonal changes. Temperature measurements suggested that thawing takes place over a 4°C range (−2 to +2°C). Impulse stiffness modulus, basin area, center sensor ratio, and fourth sensor ratio were investigated. It was found that the impulse stiffness modulus did not provide an indication of thawing depth. Good correlations were found between the area and deflection ratios and the depth of thaw but general application of the resulting equations is cautioned against because of the limited size of the database. These researchers concluded that no temperature adjustment need be applied to the measured deflections during this period. In subsequent research, field tests on in-service airfield sections verified the deflection algorithms (11, 12) .
Field tests done on forest service roads in Montana by McBane and Hanek (13) showed that the thaw-weakened period can, in most cases, be identified by temperature. Their data showed that thawing commenced when temperatures neared 0°C at the asphalt-base interface. The researchers found that rapid strength loss occurs as the base layer thawed, pointing out the importance of timely placement of restrictions. Yesiller et al. (14) presented work done in Wisconsin. They found that the WSDOT equations were good for fine-grained subgrade materials but not for granular ones. They also showed that the frost tubes indicate earlier thaw than the WSDOT method and that the WSDOT method is conservative when predicting the end of thaw.
PROJECT BACKGROUND Test Sections
This study includes the results of seasonal load and environmental testing conducted on the Mn/ROAD low-volume flexible test sections. The low-volume flexible pavement test facility is a two-lane road and consists of sections 17 150 m long; eight of these are flexible designs. Design asphalt thicknesses range from 75 to 150 mm ( Figure 1) .
Six of the eight sections were constructed on silty clay, which is the native soil at the site. The other sections (TS24 and TS25) were constructed on a sand subgrade. Six of the eight sections were conventional designs with varying thicknesses of aggregate base and subbase. The base and subbase materials were dense-graded aggregate of varying quality.
The sections were constructed in late summer 1993, and testing was conducted for four complete seasonal cycles. Pavement deflection and environmental data were routinely collected at Mn/ROAD. A weather station is located at the site. During the winter and early spring months, frost depth was monitored by using soil resistivity probes (RPs). The RPs are constructed of plastic tubes 2.5 m long with concentric pairs of copper conductor positioned every 50 mm along the length. A complete discussion of these sensors and the installation procedures used at Mn/ROAD are given by Atkins (15) and Schrader and Johnson (16) . Locations of subsurface thermocouple (TC) temperature sensors that were used in the study are shown in Figure 1 .
A five-axle tractor-trailer combination normally was used as the test vehicle on the low-volume sections. The truck operated 4 days each week on the inside lane with payload equal to the legal limit. Once each week the truck operated in the outside lane with a 25-percent overload. To date approximately 40,000 equivalent axle loads have been applied in each lane.
Materials Characterization
The Mn/ROAD materials have been extensively laboratory and field tested. Much of the MnDOT laboratory data on the subgrade materials is summarized by Newcomb et al. (17) . The soil is a low-to medium plasticity silty clay (USCS CL). The sand subgrade is classified as a poor-to medium-graded sand (USCS SP-SM). The fines content in the granular bases range from more than 10 percent (Cl. 3) to less than 6 percent for the Cl. 4, 5, and 6. The Cl. 6 base material is 100 percent crushed granite. Tests done by the U.S. Army Cold Regions Research and Engineering Laboratory (CRREL) on the subgrade and two of the granular base materials (Cl. 3 and Cl. 6) addressed the frost susceptibility and effects of environmental variables on the resilient modulus (18, 19) . The CRREL results indicate that the frost susceptibility of the subgrade material at the site is medium to very high. Resilient modulus tests on the Cl. 3 material indicated that it is extremely sensitive to moisture and freezing, but the Cl. 6 is not.
Satellite Studies
Several RP sensors have been installed in flexible pavement sections around the state as part of another study. A description of these sections is given in Table 1 . These data are a valuable addition and provide added verification of Mn/ROAD observations.
RESEARCH APPROACH
A typical example of the climatic and pavement response changes is shown in Figure 2 . This graph shows the changes in deflection, moisture, heave, and frost depth. During the spring, as the air temperature rises, the frost begins to thaw, which increases the liquid moisture content. At the same time, as the heave subsides and the base and soils begin to consolidate, a dramatic decrease in pavement strength occurs.
Climatic and Subsurface Changes
Air temperature records from Mn/ROAD and satellite sites were compiled. For each year's data the following determinations were made: In addition, a historical analysis of air temperatures and FI for the last 30 years was performed by using data from selected weather stations in Minnesota.
The RP data from Mn/ROAD and the satellite sites were analyzed to determine the dates on which the thaw for each season began and ended. The difference between these dates defines the observed thaw duration for comparison with the predicted ones. Average daily pavement, base, and subgrade temperature data were compiled. These data were used to investigate relationships between air-pavement and pavement-base temperatures for improved thaw-begin predictions. The subsurface temperatures were used to investigate the possibility of using TC sensors as an independent check on the observed RP thaw durations
Deflection Testing and Parameters
Pavement deflection testing with the FWD typically begins sometime in late February or early March and continues through late October. The distance of the FWD geophones relative to the center of the plate for deflection sensors DF1 through DF7 are 0, 203, 305, 457, 610, 914, and 1524 mm, respectively. A 300 mm-diameter plate is used at all times.
Pavement surface temperature is recorded by an infrared thermometer located on the FWD testing trailer. The surface and air temperatures were used to estimate the temperature at depth using the BELLS2 procedure as described by Lukanen et al. (20) . A direct measurement of pavement temperature would be the best approach for analyzing deflection response data. TC sensors are embedded at various points within the pavement structures at Mn/ROAD (Figure 1 ). An estimated temperature is used to complement FWD data instead of the direct TC measurements because a substantial amount of deflection data was collected before the TC sensors were completely installed and the datalogging equipment became fully operational. To utilize the early FWD data, a temperature estimation procedure had to be adopted.
Various procedures have been proposed for adjusting measured pavement deflections to an arbitrary reference temperature. Most recently, Kim et al. (21) presented a procedure based on measured deflections and temperatures from test sites in North Carolina. In this study, temperature adjustment curves were developed on the basis of measured deflection data from the Mn/ROAD test sections as discussed by Van Deusen et al. (1) . The data used for the development of these relationships were obtained from FWD tests in which several points within each section were tested repeatedly over the course of a day to cover a range of temperatures. This procedure has been performed periodically over the last several years during summer and fall.
Several different deflection-based pavement strength parameters were investigated in this study, as follows: overall deflection (DF1), SCI, base damage index (BDI), and basin area (AREA). The deflection reading (DF1) provides an indication of the overall pavement strength and the SCI and BDI provide information on changes in relative strength of the near-surface layers (6) . The SCI is calculated as the difference between the 0-mm and 305-mm offset sensors (DF1-DF3) and the BDI is the difference between the 305-mm and
TABLE 1 MnDOT Sections Used in Satellite Studies

610-mm offset sensors (DF3-DF5).
A correlation between SCI and strain responses measured during FWD tests was investigated and the results were presented by Van Deusen et al. (1) . There are several ways to calculate AREA. The method used in this study was to determine the total area of the deflection basin by using the trapezoidal rule and all seven sensors. That value then was divided by the DF1 reading. Data from three replicate drops at a target load level of 40 kN were used in this study, and the data were adjusted to a 40-kN reference load.
Analysis Methods
To fulfill the stated objectives the following analyses were made:
• • Use the previously developed temperature relationships (1) to adjust deflection parameter values to a reference load and temperature;
• Analyze temperature-adjusted deflection parameters over time to determine the approximate date of the maximum springtime value;
• Analyze the seasonal parameter curves to determine the date and magnitude of the peak value and the change at 2, 4, and 6 weeks post-peak. 
ANALYSIS RESULTS
Climatic and Subsurface Changes
On the basis of the historical analysis, the mean yearly air temperature can vary from about 3.5°C in the north to about 7°C in the south. For the last 30-year period, the average yearly FI ranges from 1,600 °C-days in the north to 900 °C-days in the south. Extreme winters have been as high as 2,100 °C-days in the north. FI values for the Mn/ROAD site have ranged from 800 to 1,200 °C-days over the last four seasons. Asphalt concrete and base layer temperature changes are shown in Figure 3 . These data are from spring 1997, TS28; also shown is the accumulation of the TI for the period. The date corresponding to a TI of 15 °C-days is indicated in Figure 3 by an arrow. Note that temperatures within the asphalt and base layers surpass 0°C several weeks before this date. It is clear that significant warming and thawing took place before the predicted thaw-begin date of March 26. The FWD data support this observation because a substantial increase in deflection occurred before the predicted thaw-begin date ( Figure 4) . Next, the springtime (January through April) base and asphalt TC temperatures for all eight test sections from the last three spring seasons were analyzed. Sensors from the top of the base were selected for this analysis; for the asphalt, the average of all TC sensors in that layer were used. For each section the average daily base temperature was plotted against the asphalt temperature. Data from all sections and years yielded nearly straight lines with only slight scatter and similar slopes that passed very close to the origin. This suggests that on average, during springtime, the base and asphalt temperatures are near 0°C at roughly the same time. These results agree with findings by other researchers (4, 14) .
A similar analysis was done for the average daily air and asphalt temperatures. For each section the average daily air temperature was plotted against the asphalt temperature. Regression analyses of these data were performed and yielded horizontal intercepts of approximately −5°C. This suggests that, on average, asphalt temperature is 0°C when the air temperature is −5°C. Furthermore, on the basis of the results of the comparison between base and asphalt temperatures, the average air temperature at which thawing in the base may begin to occur is about −5°C. Although this value is fairly close to the reference of −1.67°C suggested by others, it is different enough to warrant further investigation.
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To investigate the changes in the reference temperature during the early spring season (January through March) the analysis was broken down by month. Average monthly air temperatures for 1994-1997 were analyzed given the constraint that the asphalt temperature was 0°C ± 0.56°C. The results showed the average springtime air temperature to vary from −0.9, −2.3, and −4.3 °C for the months of January, February, and March, respectively. Thus, the air temperature actually decreases from January to March for pavement temperatures at thawing levels. This likely is due to the increase in the elevation angle of the sun during the early spring. Because the main thaw in Minnesota typically starts in March, −4°C is a reasonable reference datum for TI. Higher values could be used in the event of early thaws. The daily average base temperatures then were plotted against the accumulated TI (relative to −1.67°C) on each day. Analysis from all sections indicated that the vertical intercept (TI at base temperature equal to 0°C) ranged from 10 to 15 °C-days. Next, the air temperature data were reanalyzed to determine a modified TI with a reference datum of −4°C instead of −1.67°C. With these new TI values, the predicted thaw-begin date was determined by using a threshold of 12 °C-days. This threshold was determined as roughly the midpoint of the range of TI values for days when the base temperature was equal to 0°C. With the exception of spring 1997, the new predicted thaw-begin dates were not much different from the observed ones that were based on RP data. However, for the past spring, the new method predicted a thaw-begin date of March 12, not March 26 as determined previously. This is shown in Figure 5 . It appears that the reference temperature and threshold level described have the advantage of being able to detect thaw in the event of erratic air temperature warming trends.
Frost Depth and Thaw Duration
The criterion for when to place load restrictions is based on the degree-days TI as derived from air temperature records. Air temperature data were obtained from the Mn/ROAD weather station and were used to compute the FI and TI for the last four seasons.
A graph of the predicted and observed thaw durations versus FI is shown in Figure 6 . It appears that Equation 1 overpredicts the actual duration. Data from the MnDOT satellite sites appear to compare fairly well with the Mn/ROAD data. An evaluation of Equation 2 also was made but no correlation could be found among the FI, TI, and observed thaw durations.
An improved thaw duration prediction relationship was investigated. To include the effects of frost depth, the actual measured frost penetration was incorporated into the regression analysis. To model the observations accurately it is necessary to include an interaction term. The analysis resulted in the following equation:
where P is frost depth in meters and SEE is the standard error of estimate.
Although the regression gave an R 2 value of 0.50, Equation 3 predicts the actual durations better than does Equation 2, as seen in Figure 7 .
An analysis of frost depth predictions was made. Chisholm and Phang (22) developed an equation that can be used to predict the maximum frost depth based on air FI: 
Deflection Analysis
To study the seasonal deflection changes, it was necessary to adjust the data to a reference temperature. The procedure for doing this was described by Van Deusen et al. (1) . The temperature relationships previously developed then were used to adjust the calculated deflection parameters to the reference conditions. In this study a reference load of 40 kN and a pavement temperature of 20°C were selected. The seasonal variation curves for each particular parameter from all test sections were analyzed to determine the date and magnitude of the maximum springtime response. The magnitude of the parameters were determined at 2, 4, and 6 weeks post-peak. It should be noted that, in many cases, peaks do occur at later times in the year. These are likely due to short-term effects from rainfall. The maximum values analyzed in this study are those observed during the springtime period only.
Timing of Springtime Responses
The following discussion relates to the four sections that were constructed on the silty clay subgrade (TS26 through TS31). For the sand subgrade sections (TS24 and TS25), there does not appear to be a significant peak in any of the deflection parameters except for AREA. The dates of maximum responses were compared with the date on which the frost was observed to leave the ground. For all sections the SCI tends to peak later than the other parameters, with the full-depth section (TS26) peaking later in the summer. The largest time lags observed were for the two sections on Cl. 3 base
Paper No. 98-0621 27 or subbase (TS30 and TS31); recall that the Cl. 3 material has a much higher percentage of fines (more than 10 percent) than the other base and subbase materials. Overall, the BDI and DF1 tend to peak at about the same time. In addition, the sections with peak dates closest to the end of thaw are those constructed on either Cl. 4, 5, or 6 base or subbase materials (TS27, TS28, TS29, and TS31). The BDI and DF1 values for these sections typically were within 10 days of the thaw completion date. On average, and with the exception of the SCI, all the maximum responses analyzed in this study appeared to occur within 3 weeks of the thaw completion date. The AREA values consistently were closer to the end-of-thaw date than were other parameters. The rate of strength recovery with respect to full-depth versus conventional and base quality was investigated. Although the rate of recovery in the BDI was highest for TS27, TS28, and TS31 (Cl. 6 and 5 base or subbase), no other trends were observed. This could be because of site-specific conditions, such as drainage and soil type. Incorporation of field test sites from areas with differing soils and drainage are desired for furthering this part of the study. 
CONCLUSIONS AND RECOMMENDATIONS
On the basis of the results of this study, several conclusions can be made:
• It appears that previously developed criteria for predicting the beginning of thaw do a good job if the warming trends are uniform.
• The relationship between the TI at the observed time of thaw and FI for the preceding winter was investigated. No reasonable relationship was observed.
• The two granular subgrade sections do not exhibit a noticeable peak deflection (DF1) value. AREA, however, does show a noticeable peak and this occurs somewhere after the beginning of the thaw period with the maximum value being attained near the end date of the thaw period.
• The accumulated FI values at Mn/ROAD for the last 4 years have been fairly well distributed with regard to the 30-year history for the state.
• The analysis of air, pavement, and base temperatures suggest the use of new criteria. It is recommended that a temperature reference datum of −4°C and threshold level of 12°C-days be used. The results suggest that, in a uniform warming trend, the results are not much different from those previously recommended. However, on the basis of Mn/ROAD data, the new criteria appear to predict thaw events better in situations with nonuniform warming trends.
• The predicted thaw durations from Equation 1 appear to be conservative. Based on data from test sections both at Mn/ROAD and around the state, a new equation was developed (see Equation 3 ). The standard error of estimate for this model is ± 8 days.
• The date of minimum strength (as inferred from deflection data) with respect to the end of thaw was investigated and found to be variable. Overall, the maxima of the strength parameters investigated appear to occur within a 3-week period of the thaw completion date. However, peak BDI and DF1 values for the sections constructed on Cl. 5 or 6 bases occur within 10 days of the thaw completion date. On this basis it is recommended that, if Equation 3 is used to predict thaw duration, additional days should be added to account for local variations in drainage and material types. It is recommended that other sites be investigated to confirm these observations.
• It was observed that the subsidence in surface frost heave corresponds to the approximate date of thaw completion and maximum deflection. It is recommended that surface frost heave measurements be investigated as an alternative means of determining thaw duration.
